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I ntroduction
The Society has published a number of papers on various aspects of light ning, including those of C. T. R. Wilson on changes in the earth's electric field; Appleton, Watt and Herd's observations of a similar kind but at a greater distance from the discharge, and Schonland and others' interpreta tion of photographs of lightning. References to these and other investigations are given by Appleton and Chapman (1937) and Schonland (1938) . The evidence that lightning is the source of atmospherics has been considered by one of the authors (Laby 1936) , and Goodlet (1937) has reviewed the con clusions reached in the study of the effect of lightning on power transmission lines.
Observations on the wave form of atmospherics by physicists of the Radio Research Board of Australia and others were begun in this laboratory at the end of 1935, and evidence that atmospherics are reflected at the ionosphere was later obtained (Laby, Nicholls, Nickson and Webster 1937).
P r in c iples of th e method
If a lightning discharge may be idealized as equivalent to a vertical hertzian (dipole) oscillator, then its electric field at any instant at a point P, distant r from the axis of the oscillator, may be described as being the vector sum of:
(1) the " electrostatic" field of the dipole, which is proportional to 1 (2) the induction field, proportional to 1/r2; (3) the radiation field, proportional to 1 Jr. The phase relations of these fields change with r.
The design of an instrument to record without distortion the wave form of this field for an atmospheric is very exacting. It must record changes in the electric field which occur in a few microseconds, but which may last for a Vol. 174. A. (1 February 1940) [ 145 ] IO number of milliseconds. The lightning flash which produces the atmospheric may be at any distance, and in what follows it was from 1 to 1200 km., and thus the electric field had a wide range of values. The instrument used con sists of an aerial and an aperiodic amplifier connected to a cathode-ray tube, the spot of this tube being photographed on a rapidly moving film. The measures taken to give the instrument the required characteristics are stated in a later section. An examination of the oscillograms obtained with it shows the extent to which the instrument meets the requirements, which have been stated, and it is evident that it meets most of them. A linear aerial is connected in series with a non-inductive resistance and a variable condenser to earth, as shown in figure 1. The amplifier may be con nected in parallel with the condenser or the resistance. The values of this resistance and the total capacity to earth of the aerial determine its time constant, which should be small compared with the period of the oscillations to be recorded.
Observations given later, those of other workers in this field, and photo graphs of lightning discharges, show that the oscillations in an atmospheric are rarely of so short duration as 10/tsec., but a succession of pulses may last some msec. The aerial, aperiodic amplifier and oscillograph, if the correct wave form is not to be distorted by the recording system, must be designed for this range of periods. In order to reduce the effect of electrically charged rain, and of the slowly varying electric field of thunder clouds near the aerial, a condenser was in serted in series with the aerial, and it was earthed through a high resistance.
Wave
Filter. In order to reduce the interference from broadcasting stations, a filter which attenuated currents above a frequency of 500,000 c./sec. was inserted between the amplifier and the plates of the cathode-ray tube. It required to be specially designed for this position, where it has to work into a very large resistance. Later, a filter was designed which enabled the time constant of the aerial circuit to be materially reduced, namely to a maxi mum value of 15/isec., but it was not used in these observations.
Compensation Calibration of oscillograph. The overall amplification of the oscillograph was regularly measured by connecting to it the terminals of a non-inductive resistance, through which passed a known current, of frequency 1000 c./sec., measured by means of a vacuum thermo junction. The p.d. so injected into the amplifier was about 2 V, and the resulting deflection of the cathode spot was photographed. In this way the gain of the amplifier and the speed of the film were recorded on the film.
Cathode-ray beam suppression unit. If the cathode-ray beam impinged on the screen continuously, the latter would be damaged and the photographic film would be fogged. A unit was constructed to suppress the beam until an atmospheric was received, when the beam was restored to its full intensity. This operation required 10~5sec. with the unit to be described.
Portion of the amplifier output voltage is applied to the input of the beam suppression unit. This causes the modulation electrode (normally held at a high negative potential) to become positive whenever the amplifier output exceeds a finite value in either direction, thus allowing the cathode spot to reach full brilliance. The circuit diagram of this unit is shown in figure 3 . The output circuit has been modified from that described elsewhere.
Cathode beam maintenance unit. Maintains the spot at full brilliance for a specified time after the reception of an atmospheric greater than a pre determined intensity. A pair of hard valves are arranged in an asymmetric multivibrator circuit to discharge a condenser whenever the input voltage exceeds a specified limit. This limit is altered by varying the negative bias potential applied to the grid of V2, figure 4. The output of this unit is injected at the suppressor grid of the output valve of the beam suppression unit, causing a positive potential to be applied to the modulation electrode of the cathode-ray tube for a period determined by the time constant which is 5 msec. Cathode-ray tube and power supply. A high vacuum photographic cathoderay tube, Cossor 3271 J, is used. The power supply provides a maximum potential of 3000 V for the third anode and variable voltages for the other electrodes to enable intensity and focusing to be controlled.
Testing equipment. The apparatus also includes a linear time base and a frequency range 50-1,000,000 c./sec. for visual observations, and oscillators 1000, 10,000, 100,000 and 106 c./sec. for the purposes of testing and align ment.
Camera. The camera enables the trace on the fluorescent screen of the cathode-ray tube to be recorded with adequate resolution and minimum wastage of film.
The film is carried on the periphery of a drum, belt driven from an a.c. induction motor on the film. The camera lens ( / = 5 cm. of aperture 2) focuses the fluorescent screen. A length of film is exposed by removing the lens cap. The camera is loaded with 10 m. of film, and fresh portions of film can be drawn for exposure from a magazine inside the drum. The induction motor, having a small and constant load, has a constant speed. The use of cylindrical pulleys running on ball-bearings and a very thin endless belt under constant tension prevent belt slip.
The film speed can be varied from 3-12 m./sec. by changing the pulleys. Photographic technique. Experiments using a number of different films and various developers were made to determine the most suitable photographic method for use in recording the trace of the spot of the cathode-ray tube.
The final choice was Kodak Super X 35 mm. cine film developed in a Mees developer for 20 min. at 20° C. Tests showed that spot writing speeds up to 3 km./sec. could be recorded. The accompanying plates, to be described later, clearly indicate the present state of the photographic technique.
T. H. Laby, J. J. McNeill, F. G. Nicholls, A. F. B. Nickson
R ay th eo ry of r e f l e x io n at an io n o sph e r e
An examination of some of the oscillograms obtained made it evident that, in addition to the ground wave, there were waves which had been reflected at an ionosphere. The simplest assumptions may be made in the first instance to explain this type of oscillograph.
The simple assumptions that the ground and sky waves have the velocity of light and that the sky waves are rays, which are optically reflected at the surfaces of the ionosphere and the earth, are found to be in close agreement with observation. The surfaces of the earth and of the ionosphere are first assumed plane and parallel, the height of the ionosphere being h km. It is then shown that a simple correction allows for these surfaces being spheres.
In figure 5 , S is the source of the atmospheric which is received at O. It distance, SO, is dkm. SCO is the ground ray, and SAO is the sky ray once reflected at the ionosphere at A ,and SBC DO is the ray twice re ionosphere. I x and / 2 are the corresponding images of S. and d2 are the angles of incidence at O of these rays. 
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N umerical red u ctio n of oscillograms
If an oscillogram shows the arrival of the ground wave, and the arrival of the sky waves can be identified, the distance along the oscillograph film from the first peak produced by the ground pulse to the peak of the sky pulses reflected 1,2,3,... times can be measured. Multiplying these distances by the known speed of the film, the times tx, t2, ... are obtained. is 6 or 7 for a number of films, and the problem is to find the values of h and d which give the best fit for the observed values of tv t2, ... tn. In figure 7, for fixed values of d/2h, the intervals Atn.c/2h have been evaluated for each value of n, and are plotted in such a way as to show the ratio of each interval to the one before, and the one following.
As an example for calculation, one record gives the following measure ments. The unit for t is the msec, and for d and h the kilometre. I n ter preta tio n of typica l observations
Appleton and Chapman and Schonland and co-workers have suggested that the electric field changes due to a close lightning discharge include three characteristics:
(1) A comparatively slow field change caused by the leader stroke of the lightning discharge, with a duration between 100 and 200 msec.
(2) A very rapid change in the field due to the return stroke of the same order of magnitude as that due to the leader stroke but of much shorter duration.
(3) A final slow non-oscillatory field change of about 300 msec. duration. The second and third parts of the discharge may be repeated in subsequent discharges along the same channel.
Our results confirm the above conclusions, and oscillogram (i) figure 8, plate 4, is a typical example which we interpret as follows:
(а) From 0 to 8 msec, a slow initial change of field is shown. (б) At 8 msec, a very rapid change of field of equal magnitude to the first change occurred, followed by a slow field change.
(c) At 14 msec. a second return stroke change has occurred, followed by a second slow change.
(d) At 23 msec. from the commencement, a third return stroke has occurred, and is followed by a third slow field change.
In figure 8, plate 4, (ii) the leader process lasts only 2 msec, but the fine structure is more apparent than the slow field change of (i). At 2 msec. a very rapid return stroke causing a field change of 4V/m. occurs, and is followed by a gradually decreasing field and a second return stroke occurring 36 msec, from the beginning.
A leader of | msec, duration is recorded in figure 8, plate 4, (iii) and one of 6 msec. in (iv). In both the fine structure of the process is apparent.
In the two discharges shown in (v) and (vi), the fine structure is shown in greater detail by the use of a high film speed. These two records show striking similarity to the fine structure reported by Appleton and Chapman.
The marked similarity between wave form oscillograms occurring within a small time interval, such as 100 msec. as shown in (vii), (ix), (xi), (xviii) and (xxiii), we attribute to successive discharges of naturally decreasing intensity along the same discharge channel.
These records together with (x), (xii), (xiii), (xiv) and (xv) show that the use of the beam suppression unit results in the loss of very little of the initial part of the oscillogram, as these were received while the normally suppressed cathode ray spot was at full intensity. Individual notes on these records show a symmetrical wave form (x) showing the presence of a small reflected wave; a damped periodic wave followed by a similar smaller wave 22 msec, later (xi), the latter having a small high-frequency oscillation preceding it; a very simple pulse of three half waves (xiii); and two oscillograms (xiv) and (xv), showing maximum amplitude some half waves from the beginning of the record.
A type of wave form occurring less frequently than the damped periodic type is shown in records (xvi) and (xvii). It consists of an aperiodic field change with a superimposed high frequency oscillation. We find this type to be less frequent in occurrence than the reports of Appleton and Chapman and Norinder would indicate.
The records from (xviii) to (xxii) show the alteration by reflexion of the original wave form, and that reflected waves continue to arrive after the ground wave has ceased. A typical example is shown in (xviii). This oscillo gram, of duration 76 msec., shows three discharges, the second being 48*8 msec, after the first, and the third 25-3 msec, after the second. The wave forms are similar, and this is interpreted as three discharges along the same path, giving a ground wave, followed in each case by reflected waves. Record (xxii) shows how the first reflected wave has interfered with the ground wave, and apparently has resulted in cancellation of the later part of the original wave form.
Similarity between oscillograms recorded over large time intervals (more than a minute) are illustrated in figures (xxiv)-(xxix). These oscillograms are discussed fully in the following section.
Records taken at slow camera speed show a small high-frequency com ponent occurring after the initial wave (figure 9, xxx-xxxiii); and the characteristic " slow ta il" similar to that described by Appleton, Watt and Herd (1926) (figure 9, plate 5, xxxiv-lxxxvi).
An in ter pr eta tio n of the sim ilarity of atmospheric wave form At first we interpreted the half waves of small amplitude which follow the first half wave to be reflected pulses. The first was assumed to be the main pulse. This theory raised the difficulty that only a small percentage of the main pulses showed these subsidiary pulses. The values of the height of the reflecting layer, calculated from this interpretation of the oscillograms, were not inconsistent with the accepted value for the height of the ionized E layer.
Two hypotheses then required investigation. The first is that an atmo spheric consists of an aperiodic pulse propagated along the ground, followed by pulses reflected 1, 2, 3, ... nt imes at the ionosphere. Each osc would consist of the ground pulse followed by reflected ones at such time intervals as to produce a continuous wave form. The times of arrival of the reflected waves and therefore the wave form of the oscillogram is determined by the distance, d, of the source of the atmospheric, and the height, , of the reflecting layer. The explanation of the observed occurrence of pulses of alternative positive and negative sign is not evident on the assumptions that have been made above.
The other hypothesis is that the electrical discharge which radiates an atmospheric is a damped oscillation with a period determined by the in stantaneous resistance, inductance and capacity.
The theories will be considered with special reference to oscillograms (xxiv-xxvi) in figure 9, plate 5. The most obvious characteristic of these pulses, which extend over a period of 12 minutes, is their striking similarity; measurements of the oscillograms show them to be similar to the smallest detail. This is attributed on the first hypothesis not to a repetition of succes sive discharges of exactly similar electrical oscillations, but to the fact that 3) The amplitude of successive sky waves at first increases, then rapidly decreases, which is difficult to explain. Our interpretation of the oscillograms is that the first five half periods are those of a damped oscillation, the slight discontinuity seen in the oscillo gram after these five pulses being caused by the arrival of the once reflected wave. The small amplitude of this wave is attributed to the low intensity of the electromagnetic wave which is emitted by a vertical oscillator in a direction making an angle of 20° with the vertical. This assumes that the electrical discharge (lightning) was approximately vertical. The once reflected wave shows the phase reversal expected after a single reflexion. As only one reflected wave can be identified, d and h cannot be calculated from the oscillogram, d is assumed to be 70km. as given by meteorological observation, and the value of h is found to be 95 km. The measured average field strength is 3 V/m., which gives a value Ed = 210 V. The mean observed value of a large number of observations is 212 V. (See following section.) R ela tio n b e t w e e n f ie l d stren gth and distance OF ATMOSPHERIC SOURCES
The oscillograms as recorded enable the peak field strength and the wave length of the head of the atmospheric pulse to be determined directly. In measuring the wave-length only the initial two half waves were used, as the wave-length increases from the head to the tail of the pulse. The mean wave lengths and peak field strengths of a number of atmospherics from sources at varying distances are entered in table 2.
T a ble 2. D ist a n c e , w ave-len g th and f ie l d STRENGTH OF ATMOSPHERIC SOURCES From the table it can be seen that the field strength decreases as the distance of the source increases. The product of the field strength and distance is more nearly constant and lies within a range of ratio three-to-one for 80 % of the cases.
As we are concerned only with that part of the wave propagated along the ground, we use the exponential term in the Austen Cohen formula, e-0015d/v/A, to correct for decrease of field strength due to diffraction of the wave over the earth's surface, for Love has shown that this term is e_9'6d-R/' v/A, where R is the earth's radius, 6370 km. validity of the expression for the radiated power are not severe. We find that the wave form of an atmospheric at a great distance is different from that near a lightning flash. A good proportion of the oscillograms to be discussed have been taken from sources between 100 and 400 km., and the relation given above is valid for these observations. The peak power is proportional to the square of the product Ed which is given in table 2 for a number of atmospherics. When calculated for each of the series of observations summarized in that table, the peak power is found to be 111 1-60 8-21 5-92 11-43 5-98 4-85 x 105kW with a mean value of 5-6 x 105kW. The total radiated energy can be found from the relation where the integration is taken over a period long enough to include the complete atmospheric. The expression inside the integral is determined by graphical means from the recorded oscillograms which give the variation of the electric field with time. In determining the energy, care has to be taken to include that part of an oscillogram which is due to the ground wave, and to exclude wave forms which are the resultant of ground waves and waves reflected from the ionosphere. A study of the atmospheric wave forms shows that most of the energy is associated with the first few half waves, and only occasionally does the tail contribute an appreciable amount. This is so because the energy is propor tional to the square of the field strength. A mean value for the total energy of an atmospheric is found to be 200kWsec., and the values obtained for individual atmospherics are found to he within a definite range of values.
These figures for the total energy and maximum power of the electro magnetic energy radiated by a lightning flash show that while the peak power is extremely large, the total energy is not, and must be very small compared with other forms of energy of a thunder cloud.
It appears that the elementary theory of reflexion, which has been given earlier, fits the observations to the accuracy possible from measurements on Velocity of ground wave and sky wave Vol. 174. A. 11 the recorded oscillograms. This might not have been expected as the very long damped wave, to which the atmospheric pulse approximates, must, according to the well-verified existing theory of the propagation of such waves through an ionized medium, be gradually deflected at the ionosphere before returning to the earth. However, investigation of the theory shows that such an effect would be comparatively small for these waves, and thus little error is introduced in assuming plane reflexion to take place at the ionosphere. The suggestion has been made by some recent writers that the ground wave has a velocity less than that of light, but the values observed for the various time-intervals between the arrival of the ground wave and the various sky waves seem incapable of explanation if the velocity of the ground wave is not the same as that of the sky wave. A consideration of the five oscillograms in table 1 for which the distance of the source, d, is largest shows that if the velocity of the once reflected sky wave is that of light, then the ground wave has that velocity to 0*7 %.
The work described in this paper has been carried out in Melbourne as part of the atmospherics research programme of the Radio Research Board of the Council for Scientific and Industrial Research of the Commonwealth of Australia.
The authors wish to thank Dr H. C. Webster, who was largely responsible for the design and construction of the apparatus used in the research.
Summary
The wave form of the electromagnetic pulse radiated from a lightning flash, known as an atmospheric, has been studied.
The atmospherics are received on a vertical aerial which is connected through an aperiodic amplifier to a cathode ray tube. The spot on the screen o f the tube is photographed on a film fixed to the external surface of a cylindrical drum which rotates at a uniform peripheral speed.
Many hundreds of wave forms have been recorded from atmospheric sources 70-1500 km. distant, and incidental to the observations we have made, evidence has been obtained of the reflexion of atmospherics at an ionized layer. Such records show the intervals of time elapsing between the arrival of the first pulse along the ground and the various reflected pulses.
From the simple theory and methods of reduction given in the paper, it is possible to determine the height of the reflecting ionized layer and the distance of the flash. When this is done, the height of the layer is found to be between 53 and 82 km., values in reasonable agreement with the lower limits of the E layer.
The observations are consistent with the sky wave and the ground wave, having the same velocity to 0*7 %.
Oscillograms of typical atmospheric wave forms are shown, together with a possible interpretation of many of them. The assumption is made that the electrical discharge which radiates an atmospheric is a damped oscillation with a period determined by the instantaneous resistance, inductance and capacity.
The relation between the distance of an atmospheric source and its field strength is found to be linear and figures are given for the peak power and the total energy radiated as found from representative examples. R e fe r e n c e s
